Abstract: This paper presents a new brush seal construction idea. It was shown that it is possible to use bimetallic elements for the construction of the brush seal, which have a thermoregulatory function by relieving a contact area between bristles and a shaft surface reducing frictional heat flux. This should improve the durability of the seal by diminishing the heat load and significantly decreases the temperature of the seal during the startup/shutdown. This article shows a simplified construction of the concept brush seal as well as numerical and experimental results.
Introduction
In large gas or steam turbines there can be dozens of potential leakage paths. The seals in those places have a significant impact on the performance and efficiency of the device. Bearing in mind increasing fuel prices and highly stringent emission standards it is reasonable to make every *Corresponding Author: Michał Stanclik: Wrocław University of Science and Technology; Email: michal.stanclik@pwr.edu.pl attempt to improve tightness. In the past few decades one of the relatively new solution, in comparison with commonly used labyrinth seals, is brush seal [19] .
Research conducted by Ferguson [7] indicates a tenfold decrease in leakage after the installation of brush seals in relation to the classical labyrinth seal with a 0.7 mm gap for the same performance. Reports of TurboCare show that replacing conventional labyrinth seals with brush seals can improve the efficiency of a turbine up to 1% [15] . Nowadays the only solution that can compete in tightness with brush seal is spiral-grooved gas face seal [11] . It is a combination of the labyrinth seal and non-contact face seal with the micron level clearance, compared with traditional labyrinth seal leakage can be reduced by over than 99% [18] . However mentioned value became from CFD results only, there are no experimental results confirming that result.
Brush seal consists of thousands of thin bristles fixed on one end in a seal housing and the other end touching the shaft surface. One of the main operational problems associated with brush seals is a very high heat load of bristles ends while starting and shutting down the sealed units. That heat is generated due to friction between the seal and a rotating shaft . Frictional heat is extremely disadvantageous for two reasons: firstly, friction reduces the efficiency of the device, secondly -it might lead to an excessive temperature rise which could result in damage to the seal and consequently to the whole device [4, 6, 14, 17] .
Brief brush seal constructions review
One way to solve the problem of the excessive heat load is the concept of Retractable brush seal [15] . This is a solution from TurboCare combining the brush seal and the labyrinth seal. The idea is to divide the total seal into smaller segments, which might be slightly movable in relation to one another and to the shaft. All segments are mounted on coil springs in order to cause a radial move away from the shaft. When the flow increases through the sealed device, pressure behind the seal rises as well. That pressure pushes the segments and after overcoming the forces from the spring and friction it causes the closure of the seal segments. That solution provides clearance during the startup/shutdown and required seal during normal work.
The next concept is a hybrid floating brush seal (HFBS) [10] . The seal rotates with the shaft, it is a combination of the brush seal and the face seal. It combines the advantages of both seals, which allows to compensate displacements of the shaft in an axial and radial directions without the risk of damaging the seal. Thermal load has been reduced by distributing the sliding velocity between the rotating shaft and the fixed housing on the two surfaces. The seal is loosely mounted on the shaft so that it can rotate freely. As a result, approximately 50% of the total surface speed falls to the contact surface of the shaftseal, while the remainder falls to the contact surface of the seal-housing.
Another solution is a shoed brush seal [9] , it is a standard brush seal except that it has a very large number of pads mounted on the free ends of the bristles. The main advantage of that solution is the possibility of rotation in both directions. That solution also significantly reduces the heat generated due to friction. Owing to the fact that the pad is inclined at a very small angle in relation to the surface of the shaft, when the shaft rotates a hydrodynamic force is created between the pads and the shaft. As a consequence, the pad begins to float over the shaft surface which reduces the coefficient of friction, thus, diminishes heat generation.
Concept of brush seal with thermal protecting bimetalic element
Seal's temperature depends on the heat load acting on the seal and thermal conditions. Although it is not usually feasible to change the conditions of the heat exchange, is possible to reduce the heat load. Brush seals are generally mounted with some initial interference, therefore, there is always friction between the bristles' ends and the shaft. Part of the power supplied to the shaft is lost to overcome frictional resistance in the seal. If we assume that all the energy necessary to overcome the frictional resistance is converted into heat, the heat flux generated will equal the power lost to overcome friction and will be described by the equation (1) .
The essence of the new brush seal design idea is to replace some bristles with bimetal elements (Figure 1 ).
Figure 1: Scheme of the brush seal with bimetal elements
When the permissible temperature level is exceeded the bimetal elements deform in a proper direction, thereby affecting the neighboring bristles causing the decrease in the sealing's bristles force on the shaft (Figure 2 ). All bimetal elements should be in the same orientation, otherwise the effect could be reduced. It diminishes the heat flux generated by friction and, thus, the seal temperature decreases. The drop in temperature reduces the deformation of the bimetal elements, the sealing reaches then a new state of equilibrium. Due to the use of bimetal elements, at the stage of a seal design, it is possible to determine the maximum operating temperature. It should be mentioned that the deformation of bimetal in Figure 2b is deliberately increased to better understand the operating principle. In reality without external heat source it is not possible for the gap between the seal and the shaft to exists. It is because to deform bimetal temperature rise is needed, what requires frictional heat whilst to generate this heat frictional force is needed which can not occur without contact between the seal and the shaft. 
Test rig
In order to validate the effectiveness of the proposed solution an experimental test was performed. For this purpose a simplified concept brush seal segment was created. The construction of the whole brush seal with bimetal elements, as shown in Figure 1 , under laboratory conditions is quite a challenge, it requires specialized equipment and technology inaccessible at the university. Hence, instead of a few evenly distributed bimetal elements each pushing some bristles, there is one wide bimetal strip pushing all bristles ( Figure 3 ). The dimensions of seal segment are listed in Table  1 . The bristles are made of Haynes 25, the most common brush seal alloy, and the bimetal is TB208/110 [1] commonly used as a thermostatic element. The experiment was conducted on a test rig (Figure 4 ) prepared specially for this purpose. It consisted of: a flow heater (1) which allows to simulate friction heat flux, a laboratory scale (2) with an accuracy of 0.001 N which enables to determine the actual seal segment force, a temperature recorder (3) with a fiber termocouple [8] , a micrometer screw (4) with a fixed concept seal segment (5) which allows to set interference with high precision. In order to minimize the effects of high temperature on the accuracy of force measurement there is a glass beaker between the scale and the seal segment. The experiment was conducted in three steps:
1. deleting clearance between the seal segment and the glass beaker imitating the shaft surface, 2. seal segment displacement simulating the radial interference δr, 3. heating until the segment force reaches zero.
Numerical modelling
To further investigate of the brush seal with a bimetal element and to determine its force characteristic as a func- tion of temperature for different design parameters and operating conditions numerical analysis was performed. The analysed geometry is created by a cantilever bimetal element, a series of 7 cantilever bristles and a shaft surface. Dimensions of the analysed geometry are the same as in experimental seal segment. In order to reduce computional time only 1/9 of segment was analysed with cyclic symmetry boundary condition (Figure 2 ). Analysed geometry is shown in Figure 5 , the initial clearance of 0.05d between the bristles is assumed. The bimetal and bristles are 3D objects whilst the shaft is an analytical rigid surface. The bristles are fixed at one end (Figure 5b) , there is frictional contact between bristles each other and bristles' free ends and the shaft surface (Figure 5c ). The model should be loaded with frictional heat flux generated at the bristles-shaft surface contact area. Since the application of a thermal condition to 3D seal geometry is complicated, at the stage of the concept verification, the model is loaded with a linearly increasing uniform temperature. Steps of FEM analysis are shown in Figure 6. 1. seal is mounted with a radial clearance at ambient temperature (Figure 6 a) . Results are shown in Figure 7 .
Results
As expected, the seal segment force caused by the interference (Figure 7a .) drops with the rising temperature ( Figure  7b .) due to the bimetal element interaction. At this configuration force drops to zero at ≈ 50 ∘ C. The force obtained experimentally and numerically is slightly different from each other, in both steps: interference and temperature grow. This is mainly due to geometric differences between the model analysed numerically and the one analysed experimentally. Despite the greatest effort in the assembly of the concept brush seal it was impossible to accurately maintain all dimensions for example: the same length of all wires or constant bristles angle. Average force designation error does not exceed 20 %. Base on that accuracy we can assume that the numerical model sufficiently reflects the behavior of the brush seal with thermoregulation bimetal elements. By an appropriate configuration of: bimetal materials properties and dimensions, bimetal element/bristles ratio we can achieve any thermoregulation characteristic.
Influence of different parameters on the termoregulation characteristic
To verify the influence of such design parameters as: bimetal material, initial interference and number of bristles per one bimetal more numerical tests were performed. Each a combination of: 
Bimetal/bristle ratio
The influence of the bimetal/bristles ratio on the seal force characteristic as a function of temperature is shown in Fig-ure 8, the variant with bimetal made of TB60/70 and initial interference of 0.25 mm was chosen. An increasing number of bristles per one bimetal element causes the rise of temperature when the segment force reaches zero. That is because a bigger number of bristles that bimetal pushes requires greater bimetal force which occurs in higher temperature.
Influence of initial interference
The influence of initial interference on the seal force characteristic as a function of temperature is shown in Figure 9 . The variant with bimetal made of TB60/70 and three bristles was chosen. The bigger initial interference we use the higher temperature we need to reach zero force. That is because a bigger interference causes a higher segment reaction force which the bimetal element has to withstand what requires higher temperature.
Influence of bimetal material
The influence of bimetal material on the seal force characteristic as a function of temperature is shown in Figure  10 . The variant with a segment made of bimetal and three bristles and initial interference of 0.25 mm was chosen. 
Summary
A new brush seal design which is dedicated to protect the seal against overheating has been presented herein. Construction details have been demonstrated as well as numerical and experimental test results. It has been proven that using bimetal elements in brush seal can reduce bristles tip load, thus, by relieving a contact area between bristles and a shaft surface can significantly reduce frictional heat flux. By proper selection of construction parameters like; bimetal dimensions, material and number of bimetal elements it is possible to build seal with any presupposed maximum operating temperature.
In order to fully verify usefulness of the brush seal with thermal regulating bimetal element further investigation has to be conducted. More complex FEM model including frictional heat should be created to determine equilibrium temperature of the seal. Also the leakage characteristic of the brush seal made according to presented idea needs to be determined. Because flow through seal has a big impact on its stiffness and deflection [2, 5, 13, 16] , and thus on frictional heat, for example common brush seal phenomenons like "lift off" [3] and "blow down" [12] can occur, a Fluid Structure Interaction model should be developed to fully investigate the influence of the bimetal elements on the brush seal thermal characteristic.
